A compensatory mutation occurs when the fitness loss caused by one mutation is remedied by its epistatic interaction with a second mutation at a different site in the genome. This poorly understood biological phenomenon has important implications, not only for the evolutionary consequences of mutation, but also for the genetic complexity of adaptation. We have carried out the first direct experimental measurement of the average rate of compensatory mutation. An arbitrary selection of 21 missense substitutions with deleterious effects on fitness was introduced by site-directed mutagenesis into the bacteriophage φX174. For each deleterious mutation, we evolved 8-16 replicate populations to determine the frequency at which a compensatory mutation, instead of the back mutation, was acquired to recover fitness. The overall frequency of compensatory mutation was ‫.%07ف‬ Deleterious mutations that were more severe were significantly more likely to be compensated for. Furthermore, experimental reversion of deleterious mutations revealed that compensatory mutations have deleterious effects in a wild-type background. A large diversity of intragenic compensatory mutations was identified from sequencing fitness-recovering genotypes. Subsequent analyses of intragenic mutation diversity revealed a significant degree of clustering around the deleterious mutation in the linear sequence and also within folded protein structures. Moreover, a likelihood analysis of mutation diversity predicts that, on average, a deleterious mutation can be compensated by about nine different intragenic compensatory mutations. We estimate that about half of all compensatory mutations are located extragenically in this organism. C OMPENSATORY mutation is an important and quires a compensatory mutation and retains resistance, instead of reverting the resistance-conferring mutation, poorly understood evolutionary process. A compensatory mutation occurs when the loss of fitness is dependent on the ratio of mutation rates (Levin et al. 2000). To date, no experimental work directly measures caused by one mutation is remedied by its epistatic interaction with a second mutation at another site in the the average rate of compensatory mutation. Although an abundance of studies characterizes suppressor mutagenome (Kimura 1985) . Are compensatory mutations common, or do they represent a genetic oddity? We tions (Sujatha and Chatterji 2000), which prevent the phenotypic expression of some prior mutation, most require some empirical estimate of the average rate or cases not only lack an unambiguous association with number of compensatory mutations, not only because fitness evolution, but also are limited to the suppression it would inform us about the evolutionary consequences of only one or two mutations. However, a recent likeliof mutation accumulation (Whitlock and Otto 1999) , hood analysis of the suppressor mutation literature prebut also because it would quantify the genetic complexdicts that a deleterious mutation is associated on average ity of adaptation (Orr and Coyne 1992). Consider, for with Ͼ10 potential sites for compensatory mutation example, the ratio of the rate of compensatory mutation (Poon et al. 2005, this issue), regardless of whether the and the back mutation rate. This ratio determines the organism is a virus, a prokaryote, or a eukaryote. This probability that a population that is fixed for a deleteriresult implies that a meaningful average number of comous mutation will recover by acquiring some alternative pensatory mutations can be isolated from an arbitrary to the ancestral genotype. To illustrate, we refer to the group of deleterious mutations within any model orevolution of resistance in microbial pathogens. Mutaganism. tions that confer resistance to an antimicrobial agent To measure the average rate of compensatory mutaare often detrimental to growth in the drug-free envition, we have generated a large number of deleterious ronment (Maisnier-Patin and Andersson 2004). The mutations derived from a high-fitness ancestral genoprobability that a population in this environment actype of the DNA bacteriophage φX174. This bacteriophage has a compact circular genome that consists of 5386 nucleotides coding for 11 genes (designated by functional interactions between deleterious and comthe φX174 genome, every such substitution creates a unique restriction site. We screened these substitutions for a subset pensatory mutations. In our experiment, we estimated that would result in a missense substitution in a protein-coding the ratio of compensatory mutation to back mutation region of the genome. Additionally, three substitutions (C1137T, by determining the frequency at which replicate popula-C1280T, and C2480T) that do not introduce a DpnII restrictions recovered fitness while retaining the deleterious tion site were included in this set of targets. For every target mutation. Furthermore, we identified intragenic comsubstitution, we designed and ordered a site-specific 18-to 23-mer primer (Integrated DNA Technologies) with a mismatched pensatory mutations by sequencing from each replicate nucleotide corresponding to a target substitution in the ancesan interval of the genome containing the gene affected tral 300aI sequence. We used a PCR-based method of siteby the deleterious mutation. tion, the evolution of resistance, and the evolutionary which were confirmed by sequencing). Isolates that, following consequences of biological complexity in viruses and restriction digest, produced a multiple band phenotype in an higher organisms. electrophoretic gel were evaluated for a reduction of fitness by a plaque size assay (described below). If the mutant plaque isolate exhibited a deleterious effect on fitness, then the isolated genome was sequenced completely to confirm that the MATERIALS AND METHODS target nucleotide was the only site in the genome that differed from the ancestral genotype 300aI.
C
OMPENSATORY mutation is an important and quires a compensatory mutation and retains resistance, instead of reverting the resistance-conferring mutation, poorly understood evolutionary process. A compensatory mutation occurs when the loss of fitness is dependent on the ratio of mutation rates (Levin et al. 2000) . To date, no experimental work directly measures caused by one mutation is remedied by its epistatic interaction with a second mutation at another site in the the average rate of compensatory mutation. Although an abundance of studies characterizes suppressor mutagenome (Kimura 1985) . Are compensatory mutations common, or do they represent a genetic oddity? We tions (Sujatha and Chatterji 2000) , which prevent the phenotypic expression of some prior mutation, most require some empirical estimate of the average rate or cases not only lack an unambiguous association with number of compensatory mutations, not only because fitness evolution, but also are limited to the suppression it would inform us about the evolutionary consequences of only one or two mutations. However, a recent likeliof mutation accumulation (Whitlock and Otto 1999) , hood analysis of the suppressor mutation literature prebut also because it would quantify the genetic complexdicts that a deleterious mutation is associated on average ity of adaptation (Orr and Coyne 1992) . Consider, for with Ͼ10 potential sites for compensatory mutation example, the ratio of the rate of compensatory mutation (Poon et al. 2005 , this issue), regardless of whether the and the back mutation rate. This ratio determines the organism is a virus, a prokaryote, or a eukaryote. This probability that a population that is fixed for a deleteriresult implies that a meaningful average number of comous mutation will recover by acquiring some alternative pensatory mutations can be isolated from an arbitrary to the ancestral genotype. To illustrate, we refer to the group of deleterious mutations within any model orevolution of resistance in microbial pathogens. Mutaganism. tions that confer resistance to an antimicrobial agent To measure the average rate of compensatory mutaare often detrimental to growth in the drug-free envition, we have generated a large number of deleterious ronment (Maisnier-Patin and Andersson 2004) . The mutations derived from a high-fitness ancestral genoprobability that a population in this environment actype of the DNA bacteriophage φX174. This bacteriophage has a compact circular genome that consists of 5386 nucleotides coding for 11 genes (designated by 1 genome sequence differs from the wild-type strain at seven affecting several gene products in φX174 have previously nucleotide sites, causing one silent (T1345C) and six missense been characterized (e.g., Fane and Hayashi 1991 plying that epistatic interactions that can produce comsubstitutions.
pensatory mutations are not uncommon in this organOur next objective was to generate a large number of mutations in 300aI that were engineered to be easily detectable.
ism. Moreover, the structure of the φX174 polypeptide
We located all nucleotide substitutions in the 300aI genome procapsid assembled from the products of genes F, G, that would introduce a GATC restriction site, recognized by and D is well characterized (McKenna et al. 1992; Dok- the DpnII restriction enzyme (New England Biolabs, Beverly, land et al. 1997 ) and provides a basis for characterizing MA) . Because there are no naturally occurring GATC sites in functional interactions between deleterious and comthe φX174 genome, every such substitution creates a unique restriction site. We screened these substitutions for a subset pensatory mutations. In our experiment, we estimated that would result in a missense substitution in a protein-coding the ratio of compensatory mutation to back mutation region of the genome. Additionally, three substitutions (C1137T, by determining the frequency at which replicate popula-C1280T, and C2480T) that do not introduce a DpnII restrictions recovered fitness while retaining the deleterious tion site were included in this set of targets. For every target mutation. Furthermore, we identified intragenic comsubstitution, we designed and ordered a site-specific 18-to 23-mer primer (Integrated DNA Technologies) with a mismatched pensatory mutations by sequencing from each replicate nucleotide corresponding to a target substitution in the ancesan interval of the genome containing the gene affected tral 300aI sequence. We used a PCR-based method of siteby the deleterious mutation.
directed mutagenesis by amplifying a 1-to 2-kbp segment from Our experiment creates a unique opportunity to estia phenol:chloroform extraction of the 300aI genome using a mate the average rate of compensatory mutation for a mismatched primer complemented by a second primer. The entire reaction mixture was subsequently transformed by heat large arbitrary selection of deleterious mutations within shock into competent C122 cells prepared by a cold CaCl 2 a single ancestral genotype. In addition, it has also treatment (Sambrook et al. 1989) . The partial mutant genome yielded the following novel results: (1) that there is a is spontaneously completed within the C122 cells, possibly by significant positive association between the severity of cell-mediated extension of the lagging strand over the wilda deleterious mutation and the rate of compensatory type template and ligation to form a double-stranded circular mutation; (2) that compensatory mutations overall are genome that is heterozygous for the target mutation. The transformation mixture was plated with an inoculum of C122 significantly clustered around deleterious mutations in and incubated for 4 hr at 33Њ. Emergent plaques were isolated the linear amino acid sequence and also exhibit struc- . Plaque isolate genotypes were identified by a DpnII restriction digest of an amplified segment containing the tarportant implications for our understanding of adaptaget nucleotide (excepting the three targets mentioned above, tion, the evolution of resistance, and the evolutionary which were confirmed by sequencing). Isolates that, following consequences of biological complexity in viruses and restriction digest, produced a multiple band phenotype in an higher organisms. electrophoretic gel were evaluated for a reduction of fitness by a plaque size assay (described below). If the mutant plaque isolate exhibited a deleterious effect on fitness, then the isolated genome was sequenced completely to confirm that the MATERIALS AND METHODS target nucleotide was the only site in the genome that differed from the ancestral genotype 300aI. Construction of deleterious mutations: A wild-type strain of the φX174 bacteriophage and its host Escherichia coli C (C122)
We generated 21 different deleterious mutations by this method. To confirm that each substitution introduced by sitewere generously provided by B. A. Fane. This bacteriophage strain differs from the Sanger et al. (1978) genome sequence directed mutagenesis was responsible for the fitness reduction, we reverted that nucleotide by the same procedure unless a (accession no. NC001422) at 11 nucleotide sites, causing one silent (C2811T), one nonsense (C367T), and nine missense back mutation had been already acquired from serial transfers of the deleterious mutation. In addition to this set of deleteri-(G833A, C1460G, A1650G, C1727T, C2085T, A2731G, C3121A, G3139A, and G4518A) substitutions. From this wild-type strain, ous mutations, we also studied two mutations (G2979A and A5031G) that occurred spontaneously during site-directed we derived two populations that were evolved by serial transfer of ‫01ف‬ 4 phage on petri plates supplemented with solid LC mutagenesis. Although these mutations were accompanied by other substitutions in the genome, reversion of the latter had media (modified Luria broth with 1.5% w/v agarose; Chao et al. 1997) . All plates were incubated at 33Њ for 4-hr intervals no effect on the fitness reduction in these mutant genotypes. Reversion of the mutations G2979A and A5031G restores fit-(e.g., growth cycle), each having a layer of 3 ml top agar (LC with 0.7% w/v agarose) inoculated with 0.3 ml from an overnight ness. The complete set of deleterious mutations used in this study is listed in Table 1 . culture of C122 and supplemented with 10 mm MgCl 2 and 5 mm CaCl 2 to promote infection. After growth, the top agar Measurement of fitness: We used a plaque size assay to estimate the fitness of mutant genotypes. The average plaque area was was harvested into 3 ml BE buffer (50 mm Na 2 B 4 O 7 , 3.0 mm EDTA; Fane and Hayashi 1991) and three drops of CHCl 3 measured from digital images of replicate plates of a given genotype, each containing a standardized volume of solid LC to terminate bacterial growth and elute phage from cellular debris. After 300 growth cycles, we isolated a high-fitness clone media (30 ml). Digital images were captured using a Cohu 4900 series high-performance CCD camera and analyzed using (here referred to as 300aI) from one population to serve as a common ancestral genotype from which all deleterious mutaScion Image version 3b (Scion, Frederick, MD) . Plaque size has previously been shown to be strongly correlated with fitness tions would be derived for this experiment. The evolved 300aI
val was recorded as a putative intragenic compensatory mutation. (No more than one new substitution was observed in any sequence from compensated genotypes with deleterious mutations generated by site-directed mutagenesis.) An absence of substitutions in the gene containing the deleterious mutation was interpreted as a case of extragenic compensatory mutation. The positions of deleterious and compensatory mutations in the protein structure were visualized using the University of California at San Francisco (UCSF) Chimera v1.2 package (Computer Graphics Laboratory, UCSF; Pettersen et al. 2004 ). We obtained a published structure of the φX174 procapsid subunit (PDB ID: 1AL0; Dokland et al. 1997 ) from the Research Collaboratory for Structural Bioinformatics Protein Data Bank (Berman et al. 2000) .
All statistical and randomization analyses were performed in the R statistical environment for Macintosh (R Development Core Team). The likelihood analysis of intragenic mutation diversity followed the procedure described in previous work (Poon et al. 2005, this issue Each mutation is identified by the initial nucleotide, genome position (numbered from the Pst I restriction site in accordance with Sanger et al. 1978) , and final nucleotide. "Amino" refers to amino acid substitutions (initial amino acid, position, and final amino acid). "Plaque size" (i.e., area) is reported in units of millimeters squared. "Relative fitness" is estimated from the average phage yield per plaque of the deleterious mutation, standardized by the yield of ancestral 300aI. The total number of replicate populations founded from each deleterious mutation is listed under n. The numbers of populations acquiring back or compensatory mutations are listed under n back and n comp , respectively.
a Includes two independent same-site reversions to nonancestral nucleotide (T1624G). b Does not introduce DpnII restriction site.
tation. Not every possible compensatory mutation conrious mutation to identify intragenic compensatory mutations. The types and locations of nucleotide substitutributes equally to the evolution of fitness. Either a diminishingly small effect on fitness or a relatively low tions from this sequencing are summarized in Table 2 . We identified a total of 55 unique intragenic compensamutation rate can prevent a compensatory mutation from becoming established in a modest-sized population. Idetory mutations that occurred at least once in our sample of 172 genotypes. No more than one intragenic mutaally, we want to detect every possible compensatory mutation. However, compensatory mutations that are diffition was observed in any fitness-recovering genotype. An absence of any substitution in the sequenced interval cult to observe because of their mutation rate or fitness effect require a large population size, in which case the was interpreted as representing an instance of extragenic compensatory mutation. In total, there are 78 putative back mutation is ensured to out-compete them (Burch and Chao 1999) . Thus, the frequency of compensatory cases of extragenic compensatory mutation (Table 2) , which compose an average proportion of 46% for a mutation in our experimental populations is the most evolutionarily relevant quantity, representing the fracrandom sample of compensatory mutants overall. This implies that epistatic interactions occur between mutation of mutations that can occur and become established before the back mutation.
tions in different genes almost as often as within genes in this organism. All of the intragenic mutations observed Sequencing intragenic mutations: From each replicate population that recovered fitness by acquiring a cause a missense amino acid substitution in the gene containing the deleterious mutation, with the exception compensatory mutation, we sequenced an interval of the genome enclosing the gene that contains the deleteof T121C and C144T (Table 2) , which are silent sub- 
Substitutions in italics indicate reversions of mutations that had accumulated during adaptation of 300aI (indicated by underlining) or divergence of the wild-type ancestor from the Sanger et al. (1978) genotype. The number of independent isolates for each substitution is given in parentheses.
stitutions in the corresponding genes that contain the of deleterious mutations occurring in gene F, which encodes the major capsid protein of φX174. Both of deleterious mutation (i.e., genes A and C, respectively). However, both T121C and C144T occur in a regions of these compensatory mutations reside on the structures that compose the exterior of the viral capsid (affecting genes A and C that overlap the gene K, causing missense and nonsense substitutions in the latter (C24R and residues 143 and 362 of the F protein on insertions between ␤-strands E and F and H and I, respectively; R32Stop, respectively), and therefore are not truly silent substitutions. Indeed, they may represent cases of exMcKenna et al. 1992) . Most points of contact between F proteins in the formation of the pentameric structural tragenic compensatory mutation. No function has yet been attributed to gene K, although it is nonessential component of the viral capsid are located in these external structures, and likewise most temperature-sensitive for growth (Hayashi et al. 1988) .
Several of the intragenic compensatory mutations inmutations that impede procapsid assembly are found here (McKenna et al. 1992) . In fact, all but one of volve sites in the genome implicated in the adaptation of 300aI in the laboratory (G1428A, G1428T, and the compensatory mutations affecting the deleterious mutation A1624T (Table 2) , including G1428A, are G3121T) or in the divergence of the wild-type genotype from the Sanger et al. (1978) sequence (T367C, found on these external structures.
Severe mutations are more compensable: There is an T2085C, and G3121T). The reversion of substitutions implicated in the adaptation of φX174 in the laboratory abundance of variation in the relative fitness of the deleterious mutations in our study, ranging from 0.04 as subsequent compensatory mutations is consistent with our observation that compensatory mutations have to 79% of the average yield of ancestral 300aI phage after one growth cycle (Table 1) . This presents a unique deleterious effects when isolated in the ancestral background (see below). Two of these compensatory mutaopportunity to evaluate the relationship between the severity of a deleterious mutation and its associated rate tions (G1428A and T2085C) were observed in replicate populations derived from more than one deleterious of compensatory mutation. Figure 2 displays the observed proportion of replicate populations that recover mutation. In other words, either of these mutations may be capable of acting globally on a wide variety from the effects of a deleterious mutation by acquiring address directly the mechanistic relationship between mutation severity and the number of compensatory mutations. However, in place of the proportion of replicates with a compensatory mutation, we can instead estimate the total number of different intragenic compensatory mutations on the basis of the number of mutations observed in sequencing (Table 2) . Although the latter quantity is potentially more revealing, it is also more difficult to apply. For instance, when every replicate in a sample has independently acquired a unique compensatory mutation, as in the case of T3288C (Table 2) , it is nearly impossible to arrive at a meaningful estimate of the actual number of compensatory mutations. As a result, it was necessary to remove cases in which our sample of intragenic compensatory mutations is far from saturation (e.g., C1137T, G2979A, T3288C, G3524C, and C5337A). For the remaining cases, we employed a prob- tion severity and compensability has intriguing implications for the biological basis of epistatic interactions. We address these implications and issue some caveats a compensatory instead of back mutation, plotted against the log-transformed relative fitness of each delein measuring this relationship in the discussion.
Clustering of intragenic mutations:
The intragenic terious mutation. We applied a binomial regression in which the proportion of replicates that acquire a comcompensatory mutations identified by sequencing are often found in close proximity to the deleterious mutapensatory mutation is, on a logit scale, a linear function of log relative fitness. This regression specifies a highly tion in the linear amino acid sequence (Table 2) . We quantified the degree of clustering in the linear sesignificant negative effect of log relative fitness (P Ͻ 10 Ϫ5 ) on the proportion of compensated replicates, imquence by calculating the absolute codon distance that separates each pair of compensatory and deleterious plying that populations afflicted by more severe deleterious mutations are more likely to recover by acquiring mutations, normalized by the gene length. For our data, this test statistic has an average value of ‫.191.0ف‬ In other compensatory mutations. The expected probability of compensatory mutation as a function of mutation severwords, the average compensatory mutation is located no farther than 20% of the gene length from the deleteity, as predicted by the regression model, is indicated by the line in Figure 2 . The binomial regression model rious mutation in the linear sequence. To evaluate whether this average distance was shorter than expected explains a significant proportion of variation in the observed proportion of replicates with compensatory mufrom a random distribution of mutations, we randomized the locations of compensatory mutations to genertations ( 2 ϭ 25.23, d.f. ϭ 1, P Ͻ 10
Ϫ5
). However, a substantial amount of variance remains unexplained by ate a large number (N ϭ 10 5 ) of random outcomes. The resulting null distribution of the test statistic has an the model (residual 2 ϭ 135.87, d.f. ϭ 19, P Ͻ 10 Ϫ5 ). Uncertainty in the estimate of the compensated proporaverage value of 0.303 (95% C.I.: 0.259-0.347). Hence, compensatory mutations are located significantly closer tion from a limited number of trials is undoubtedly a major source of variance.
to the deleterious mutation than expected from a random distribution. The above analysis examines the effect of the severity of the deleterious mutation on the proportion of repliWe also located the residues affected by compensatory mutations in the published protein structure of the cate populations acquiring any compensatory mutation. Although the latter quantity corresponds to how com-φX174 procapsid (Dokland et al. 1997) . To facilitate interpretation, we will indicate the amino acid residue pensatory mutations are revealed to evolution, it cannot the multiple occurrence of three different intragenic mutations (C144T, G265A, and T367C) in 11 replicate populations fixed for the deleterious mutation G232C (Table 2) implies that sampling of mutations is near saturation. In other words, we infer that additional novel mutations are unlikely to appear with further sampling. On the other hand, the four compensated replicate populations fixed for T3288C had each acquired a unique intragenic compensatory mutation, implying that other mutations are possible. A likelihood model based on this property of random sampling can determine what hypothetical distribution of C intra best explains the data. This likelihood analysis was developed previously for a study on estimating the overall statistical hood estimate for the distribution of C intra is described Each pair of residues is no more than 15 Å apart. These by an L-shaped gamma distribution function (␣ ϭ 0.383, residues form a group on the external face of the F protein, ϭ 23.41) that predicts an average of E[C intra ] ϭ 8.96 located above the ␤-barrel indicated by the purple ribbon.
intragenic mutations. This analysis assumes uniform
This image was generated in UCSF Chimera v. 1.2 (Computer mutation rates among sites within a gene and will underGraphics Laboratory, UCSF) using the published structure PDB ID 1AL0 (see materials and methods).
estimate C intra when this assumption is violated.
Using a randomization analysis, we determined that this distributional estimate predicts that the replicate affected by the deleterious or compensatory mutation populations in our experiment would acquire intraby the gene letter followed by residue number (e.g., genic compensatory mutations instead of back muta-F140 refers to residue 140 in gene F). In the folded tions with an average frequency of 54.4% (95% C.I.: structure of the procapsid, many compensatory muta-40.6 and 68.2%). We expect improved concordance tions are located closer to the deleterious mutation than with our observed frequency of 67.7% if we incorporate implied by the pairwise distance in the linear sequence.
extragenic compensatory mutation and variation in mu- Figure 3 illustrates a particular instance of this structural tation rates. The shape of the distribution of C plays an clustering in which compensatory mutations (at posiimportant role in relating the average, E [C] , to the tions F143, F382, and F384) that interact with the deletefrequency of compensatory mutation in replicate popurious mutation G1423C (F140) map to residues that lations. A bell-shaped distribution with low variation in form a tight cluster in the folded F protein structure. the number of compensatory mutations would constrain In this case, the clustering test statistic for G1423C is the average to only two or three, to be consistent with an misleadingly high (0.382). Of course, not all compensaobserved frequency of ‫.%07ف‬ In contrast, an L-shaped tory mutations cluster around the deleterious mutation distribution stipulates greater variation in C and thereby in protein structures. For example, the deleterious mupredicts a greater average E[C] for the same observed tation A1624T (F207), which maps to an ␣-helix in the frequency of compensatory mutations. EF insertion (as described above), is affected by five Compensatory mutations are deleterious: When we compensatory mutations that modify residues located classify fitness-recovering mutations that occur at sites on or near this ␣-helix (e.g., at positions F143, F202, apart from the deleterious mutation as compensatory, F208, F324, and F344) and three other mutations on we implicitly assume that there is a strong epistatic interthe far end of the insertion (e.g., at positions F84 and action that is principally responsible for the recovery of F92). Because this structure is implicated in establishing fitness. However, an alternate possibility is that fitness contacts with neighboring F proteins in the pentameric is being recovered by mutations that are beneficial irreunit, it is possible that the latter group of mutations spective of their genetic context, which can be indistinrepresent compensatory interactions between subunits. guishable from compensatory mutations. As an initial Analysis of intragenic mutation diversity: We applied precautionary measure, we evolved the ancestral popua likelihood analysis to our sequencing results to obtain lation by serial transfer for 300 growth cycles under an estimate for the average number of different intracontrolled conditions. However, the evolved 300aI gegenic compensatory mutations that affect a given deletenotype does not necessarily occupy a fitness optimum rious mutation (herein referred to as E[C intra ]). The that precludes unconditionally beneficial mutations. number of intragenic compensatory mutations that ocTo directly address this possibility, we used sitecur at least once in a random sample provides informadirected mutagenesis to revert the deleterious mutation in an arbitrary sample of evolved genotypes that were tion about the total number of mutations. For example, will acquire a compensatory mutation instead of a back mutation in the bacteriophage φX174. Moreover, our analysis of the diversity of intragenic compensatory mutations, unearthed by sequencing evolved genotypes from the replicate populations, predicts that any deleterious mutation can be compensated by at least nine other mutations on average. We note that there is substantial variance around this mean value (described by an L-shaped gamma distribution); indeed, some deleterious mutations in our study evidently cannot be compensated for. Our results make a strong overall case tive solutions to adaptation under natural conditions. In other words, a deleterious mutation is genetically equivalent to the absence of a beneficial mutation. A identified as containing both deleterious and compensatory mutations. In other words, we moved the putative natural population will therefore be placed in a situation analogous to our experiment following a change in the compensatory mutations into the ancestral (300aI) genetic background. Subsequently, we measured the averenvironment that necessitates adaptation. For instance, pathogens can rapidly acquire a mutation that confers age yield per plaque for all four combinations of two biallelic loci: namely, the ancestor 300aI (ϩϩ), the deleresistance to an inhibitory drug, but the mutation often becomes deleterious when the population is returned terious mutation with (dc) and without (dϩ) the compensatory mutation, and the compensatory mutation to the drug-free environment (Maisnier-Patin and Andersson 2004). itself (ϩc). The results of this assay are presented in Figure 4 . In all cases, the compensatory mutation has Our results have several implications for the genetic complexity of adaptation. First, we predict that populaa deleterious or negligible effect on fitness when placed in the ancestral background. This is consistent with the tions recently derived from a common ancestor will tend to respond to selection in the same novel environment recovery of fitness being caused by an epistatic interaction with the deleterious mutation, rather than by an by acquiring divergent sets of mutations. A corollary of this prediction is that when a population is returned to unconditionally beneficial effect of the second mutation itself. To address the possibility that this result was due the ancestral environment, it is less likely to return to the ancestral genotype. Second, we predict that cases to the spontaneous occurrence of mutations during reversion of deleterious mutations by site-directed mutaof adaptation that involve mutations with large effects are more likely to promote genetic divergence among genesis, fitness estimates were assayed for multiple phage isolates from the transformation mixture. No sigpopulations. Finally, we predict that genetic divergence will involve mutations in different genes almost as often nificant difference in fitness estimates was observed among replicate transformation isolates (data not as in the same gene. Presently, few experimental studies can unambiguously verify or contradict these predicshown).
tions (Porter and Crandall 2003) . One notable exception is a study by Crill et al. (2000) in which popula-DISCUSSION tions of φX174 were subjected to alternating host environments (E. coli and Salmonella enterica). One site Adaptation and compensatory mutations: We estimate that, on average, ‫%07ف‬ of replicate populations recovin the F protein repeatedly acquired reversions in a correlated response to changing hosts and was later ering from the effects of a fixed deleterious mutation determined to have a major effect on the rate of host-T495C, respectively. Therefore, we infer that for the range of fitness effects in our study, the detection threshspecific growth. However, only three of seven mutations acquired in the initial adaptation of the ancestral popuold is not the principal cause of the observed severitycompensability relationship. Also, the compensatory lation to S. enterica were reverted in both replicate populations that were subsequently derived from the ancestor mutations that fall below the detection threshold are the least likely to contribute to the evolution of fitness (Crill et al. 2000) . Unfortunately, it is unclear whether the absence of correlated reversions in this study is because they cannot compete against the back mutation, as noted above. caused by compensatory mutations. Further experiments will be required to elucidate how often epistasis Notwithstanding experimental biases, what could be the biological cause by which more severe deleterious drives the divergence of populations during adaptation.
Mutation severity and compensability: We have determutations tend to create a greater number of potential sites for compensatory mutation? One intriguing possimined that the frequency at which populations of φX174 acquire compensatory mutations instead of back mutability is that deleterious mutations with large effects on fitness may tend to affect a broader range of phenotypic tions to recover fitness is a significantly increasing function of the severity of the deleterious mutation. This components. Severely deleterious mutations would therefore generate a larger mutational target for comtrend evidently extends to the total number of intragenic compensatory mutations, which also increases pensatory interactions. This notion conceivably applies at any biological level of organization. For instance, a with deleterious mutation severity. It is possible, however, that the observed relationship between mutation mutation that causes a stronger perturbation in the overall structure of a folded protein may interact with a severity and frequency of compensatory mutation is an artifact of our experimental design. First of all, mutalarger number of residues. Similarly, a mutation at a node of a gene network with higher connectivity by tions that recover fitness in a population fixed for a weakly deleterious mutation are difficult to detect. Bedefinition interacts with subsequent mutations at a larger number of nodes. An increase in the number of cause it may be necessary to evolve such populations for a greater number of generations, there may be greater compensatory mutations with increasing distance from a fitness optimum is also predicted by Fisher's (1930) opportunity for a back mutation to occur and out-compete the compensatory mutation. Second, if the effect geometric model of adaptation. When a population is close to a fitness optimum, its fitness can be improved size distribution of compensatory mutation scales with the severity of the deleterious mutation, then for weaker only by a narrow range of mutations of small effect. However, if the population is far from an optimum, deleterious mutations a greater proportion of compensatory mutations could drop below the detection thresthen it may indiscriminately select from a wide range of mutations, even from those associated with deleterious hold.
We have been unable to recover either back or compleiotropic side effects. This relationship between mutation severity and compensability has an unfortunate impensatory mutations for the weakly deleterious mutations A3582G and G4970T. However, we have been able plication, however, in that the deterioration of fitness from the accumulation of deleterious mutations is to isolate a small number of back and compensatory mutations from two other deleterious mutations, C1280T and largely caused by mutations of slight effect (Kondrashov 1995) . Consequently, compensatory mutation may T1631C, with comparably weak effects on fitness. Because these were isolated after Ͻ25 growth cycles, there be unable to prevent the mutational meltdown of all but the smallest populations. On the other hand, comwas insufficient time for a back mutation to arise and interfere with the spread of a compensatory mutation pensatory mutation represents an extreme form of antagonistic epistasis. If an overall decline in antagonistic (Gerrish and Lenski 1998). Note that we did not require mutations to become fixed in the population.
epistasis with the effect size of deleterious mutations is accompanied by an increase in synergistic epistasis, then Furthermore, even if all fitness-recovering mutations isolated for C1280T or T1631C were caused by compena lack of compensatory mutations may be offset by an increased efficiency of selection for removing slightly satory mutations, the regression would remain highly significant. On the other hand, the deleterious mutadeleterious mutations (Kondrashov 1994) . The intragenic-extragenic ratio: A substantial proportions T489C and T495C have a strong influence on our regression. We have recovered only back mutations for tion ‫)%64ف(‬ of our replicate populations have evidently acquired extragenic compensatory mutations to recover these two mutations, which have weak effects on fitness with respect to the average yield per plaque. However, fitness. It is also conceivable that some of the intragenic mutations that we have identified by sequencing are in both T489C and T495C also create plaques that are disproportionately small (Table 1) , so that the range of fact neutral in effect, causing us to underestimate the proportion of compensatory mutations that are explaque size above the detection threshold is comparable to most other mutations in our study. Moreover, no tragenic. Because we isolate fitness-recovered plaques as soon as they are detected, however, there is very more than 10 and 22 growth cycles were required to detect fitness-recovering mutations from T489C and limited opportunity for a neutral mutation to rise to a frequency sufficiently high for this to occur. Furthertion restrict the ability for viral genes to functionally specialize, which could limit the number of extragenic more, the significant degree of clustering and multiple independent occurrences implies that at least most of interactions in higher organisms. Future directions: Our understanding of adaptation the observed intragenic mutations are indeed compensatory. The high frequency of extragenic compensatory and the evolutionary consequences of mutation will benefit greatly from further empirical investigations into mutation that we have observed is corroborated by several studies of suppressor mutations in the bacteriothe phenomenon of compensatory mutation. Can populations that have acquired a compensatory mutation in phage φX174. These suppressor mutations reveal functional interactions within and among gene products, lieu of reverting a deleterious mutation recover fitness completely, or are they trapped on an inferior "fitness particularly the proteins that participate in the assembly of the viral procapsid (i. e., genes B, D (Fane and Prevelige 2003) . Extragenic ity of site-directed mutagenesis in this system. However, because φX174 exhibits rudimentary gene regulation suppressor mutations are also common among other gene products in φX174. Mutations that disrupt the (Hayashi et al. 1988) , studies of epistatic interactions in this bacteriophage are limited to those within or DNA-binding function of the J gene product are suppressed by mutations in the major capsid gene F (Jenamong structural gene products. To address the nature of compensatory mutations in a regulatory gene netnings and Fane 1997; Hafenstein et al. 2004) . Similarly, suppressors of a cold-sensitive mutation in gene work will require the development of a similar experimental system in a more biologically complex model or-D were located in either gene F or gene J (Fane et al. 1993) . Hence, there is a multitude of associations ganism. A promising extension of our investigations in comamong different gene products that participate in the procapsid.
pensatory mutation is found in recent theoretical work on the effect size distribution of beneficial mutations Extragenic suppressor mutations are also frequently observed in organisms other than bacteriophage. A suravailable for adaptation (Orr 2003) . By assuming that genotypes in natural populations tend to occupy the vey of the suppressor mutation literature estimates that the overall proportion of mutations that are extragenic upper limit of a fitness distribution, Orr (2003) could apply extreme value theory to demonstrate that the differis ‫%01ف‬ for all taxa (Poon et al. 2005, this issue ). This proportion, however, increases to ‫%53ف‬ if calculated ence in fitness separating adjacent genotypes ranked by fitness is exponentially distributed. This provides a testable specifically for mutations in viruses; hence, our result is consistent with observations in other viral systems.
hypothesis that can be evaluated for compensatory mutations in bacteriophage φX174 (Rokyta et al. 2005) . To Why are extragenic mutations evidently more common in viruses than in prokaryotes or eukaryotes? We would provide a deeper understanding of the adaptive landscape, Orr's (2003) result might also be combined with expect the opposite trend, because prokaryotic and eukaryotic genomes generally consist of a considerably our observation that the number of compensatory mutations available for evolution is a decreasing function of greater number of genes, potentially conferring a larger mutational target for extragenic interactions. On one the distance from the fitness optimum. hand, extragenic mutations may be underreported in are nested within one another (Hayashi et al. 1988) . It is plausible that such adaptations in genome organiza-
